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SUMMARY 


In 1977 a wind tunnel test program was conducted to define the 
cruise performance and determine any limitations to lift and 
propulsive force of a conventional helicopter rotor. This test 
was performed on a 2.96 foot radius model rotor in the Boeing 
Vertol Wind Tunnel. The objectives of this program were as follows: 

1. Determine the maximum lift and propulsive force 
obtainable from an articulated rotor for advance 
ratios of 0.4 to 0.67. 

2. Establish the blade load growth as the lift 
approaches the limit. 

3. Obtain cruise rotor performance for advance ratios 
of 0.4 to 0.67. 

4. Determine the sensitivity of the rotor forces and 
moments to rotor control inputs as the lift limit 
is approached. 

5. Define the effect of advancing tip Mach, number on 
these limits. 

6. Determine the blade flapping response to a step 
input in cyclic as the lift limit is approached. 

A summary of the conditions tested is presented in Table 1.1. 

The C-60 Aeroelastic Rotor Analysis Program was used to correlate 
predictions with the measured performance data from the test 
described above. At low speeds, y = 0.3, (Figure 1) the correlation 
is excellent with the analysis matching the test results at all 
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thrust levels. At the higher advance ratios, ja = 0.53, (Figure 2) 
the analysis follows the same trend of lift coefficient versus 
power coefficient as the test data, but the magnitude of power 
coefficient required is less for analysis than test for a fixed 
level of lift coefficient. In general, the lift limit predicted 
by C-60 is higher than obtained in test. The theoretical trend 
of limit lift coefficient versus advance ratio, as shown in 
Figure 3, follows the trend established by test, verifying the 
capability of the analysis as an effective tool for understanding 
rotor limits. 

The capability of the analysis to predict loads was also inves- 
tigated. The flap bending waveform correlation is good. At both 
low speeds (Figure 4) and high speeds (Figure 5), the phase and 
magnitude of the analytical waveforms compare favorably with the 
test waveforms. The largest difference is at high speed near the 
lift coefficient limit where the analysis and test do not agree in 
the region of ip = 0°. The midspan torsion bending waveform 
correlation is summarized for low speed in Figure 6 and for high 
speed in Figure 7. The theory and test agree over much of the 
azimuth at low lift coefficients and the correlation is fair at the 
higher lift coefficients throughout the speed range. The analysis 
in general shows a tendency to stall at a lower coefficient but the 
test shows a greater degree of stall at the highest rotor lift 
coefficient levels near the lift limit. The peak-to-peak correlation 
is very good in most instances and the phases are usually predicted 
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within 30°. The test does indicate conventional stall occurring 
at 225° rotor azimuth which is not reflected in the theory at the 
low advance ratio. At high rotor lift coefficients the rotor is 
stalling fore and aft as demonstrated by the rapid decrease in root 
torsion loads at 30° and 180° rotor azimuth, seen in the test data. 
This agrees with the result that the test shows a lower lift limit 
than the analysis. Overall the correlation is sufficiently accurate 
to make the rotor limits investigation meaningful. 

The explanation for the rotor behavior at high thrust levels was 
found to be related to the aerodynamic loads acting on 'the elas- 
tically deflected blade. The azimuthal variation of thrust per blade 
is presented in Figure 8. The thrust is developed fore and aft in the 
disc plane. The stalled region at = 30° for the blade with stall - 
able, fully compressible aerodynamics is symptomatic of the thrust 
waveforms at high speed near the lift limit. This does not occur 
when linear aerodynamics are used in the analysis, because the blade 
does not stall on the retreating side, allowing the rotor to carry 
more lift laterally, thereby reducing the lift requirement fore and 
aft. It was shown that the nonlinear aerodynamic loads act on the 
tip of the blade, which is elastically deflected tip down due to a 
combination of thrust and centrifugal moment, plus the large nosedown 
aerodynamic moment, to cause a nosedown twist on the advancing blades 
at = 45° as the lift approaches the stall limit. The blade becomes 
unstalled and the lift can increase again. As the blade approaches 
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Ip = 90°, the longitudinal cyclic in conjunction with the increasing 
inplane velocity reduces the section angle of attack to the point 
where it is negative resulting in the large negative lift. 

The flap bending waveforms reflect a downward deflection at the 
higher thrusts. The blade pitch motion just described can be seen 
clearly in the midspan torsion waveforms. The blade begins to 
stall near = 45°, recovers from stall, then shows a large increase 
in nosedown moment around \p = 180°. 

To verify the contribution of blade elastic response during and 

? 

after stall a comparison of thrust per blade was made for a rigid 
and elastic blade, shown in Figure 9, It indicates that at 30° and 
150° rotor azimuth the lift of the rigid blade is higher as a result 
of the blade not being able to twist more nosedown when subjected to 
the large nosedown aerodynamic moment. For the elastic blade, flap- 
wise deflection and drag combine to twist the blade further nosedown 
when subjected to the large nosedown aerodynamtc moment. 

A comparison of the rapid preliminary design rotor performance 
analysis with test data is presented in Figure 10 in terms of 
maximum rotor lift to effective drag ratio. The comparison shows 
the prediction to be slightly low (a maximum of 8%) at advance 
ratios below 0.4 and slightly high (a maximum of 15%) at advance 
ratios between 0.4 and approximately .58. This provides an adequate 
tool for preliminary design studies with numerous rotor configura- 
tions from pure helicopter to compounds. 
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The contract research effort which led to the results in this 
report was financially supported by the Structures Laboratory, 
USARTL (AVRADCOM). 
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Cruise Perfonnance and 
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Control System Problem 
Destroyed the Slades 
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Blade Frequency Check 

New set of blades 
torsional stiffness 
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blades and twist approx. 
10.4«{an Increase of 35%) 
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bearing. 
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1/10 SCALE CH-47B ROTOR 
'OR TIP SPEED = 620 FT/SEC 
X/qd^a = 0.05 
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Figure 4 LOW SPEED FLAP BENDING MOMENT WAVEFORM 
CORRELATION SUMMARY 
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Figure 5 HIGH SPEED FLAP BENDING MOMENT WAVEFORM 
CORRELATION SUMMARY 
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MEDSPiVN TORSION MIDSPMI TORSION 

BENDING MOMENT BENDING MOMENT 


1/10 SCALE CE-47B ROTOR 
ROTOR TIP SPEED = 620 FT/SEC 

•y = 0,30 X/qd^a = 0.05 
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Figure 6 LOW SPEED TORSION MOMENT WAVEFORM 
CORRELATION SUMMARY 
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CORRELATION SUMMARY 
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F IGURE 8 COMPARfsON op th^ FOR 

^ ^ , LINEAR AND^ ANAL YSI S 


1/10 SCALE CH-47B ROTOR 
ROTOR TIP SPEED « 620 FT/SEC 

ji » 0.53 C^V/o « .114 X/qd^o » 0.05 
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1.0 STRUCTURAL PROPERTIES AND MODEL DATA 


Prior to starting the loads and performance correlation effort, it 
was necessary to verify that the analytical model of the structural 
properties was correct. This was done by comparing the distributed 
parameter model data generated by static testing at the wind tunnel 
to the theoretical physical properties obtained by computer analysis 
of the blade cross-sections. Where discrepancies occurred the 
analytical data was modified as required. 

The significant difference between the computed and measured physical 
properties was in the root torsional stiffness of the blade. In the 
region of 20% to 40% of the blade span, the measured torsional rigidity 
was 13% stiffer than calculated. Conversely, over the inboard 10% of 
the rotor the torsional stiffness of the root end fitting was measured 
to be 95% of the theoretical value. 

Other modi f i catioris to the analytical model requi’red were: small ehanges 

to the control system stiffness, a reduction in the effective in-plane 
damping coefficient and the addition of the shear center offset effects 
to the tabulated properties. The final set of distributed properties 
were input to the D-01 computer program to generate a set of lumped 
parameter properties for use in the C-60 loads computer program. The 
distributed properties which were used in the analysis which follows 
are shown in Figures 1.1 through 1.2. Additional physical properties 
data is presented in Table 1.1. 
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TABLE 2 


SUMMARY OF 


Airfoil Section 
Rotor I. D. Number 
Ra d i u s 
Chord 

Flap Hinge Offset 
Pitch Axis Location 
Blade Attachment 
Blade Twist 
Disc Area 
Number of Blades 
Flap Inertia 
Weight Moment 
Lock Number 
Solidity 


ROTOR BLADE PHYSICAL PROPERTIES 


V23010-1.58 (t/c = .102) 

S.N. 122, 123, 124, 101, 104, 105, 106 
0.9017 m (2.9583 FT) 

0.0583 m (0.1913 FT) 

0.0538 m (2.12 IN. ) 

0.0146 m (0.5738 IN.) 25% CHORD 
0.0545 m (2.145 IN.) 

-0.1222 rad (-7.0 degrees) LINEAR 
2.554 m^ (27.4938 FT^) 

3. 

0.0433 kgm^ (0.0319 slug-FT^) 

0.0713 kgm (0.516 FT- LB) 

6.7 

.06175 
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FLAPWISE STIFFNESS X 10-^ DISTRIBUTED WEIGHT 
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Figure 1.1 BLADE PROPERTIES DISTRIBUTION 
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2 . 0 ROTOR NATURAL FREQUENCIES 


The first step in correlating the analysis and test results required 
the definition of the natural frequencies of the rotor system. The 
D-01 coupled flap-pitch, uncoupled lag natural frequency analysis 
computer program was used to predict the first three flap and first 
chord elastic modes as well as the first torsion mode. In addition 
the L-01 uncoupled analysis was used to predict the first torsion 
mode since it includes the effects of the air spring on torsional 
frequencies while D-01 predicts the frequencies in a vacuum. 

t 

Figure 2.1 illustrates the correlation of the analyses with the 
measured modal frequencies. Note the correlation is quite good for 
all flap modes and the first elastic chord mode prediction deviates 
by less than 5%. The prediction of the first torsion mode using D-01 
is considerably lower than the test values, while L-01 shows good 
correlation with the measured data. This indicates that the air spring 
effects on the torsional response characteri sti cs' are significant. 

C-60 includes these aeroelastic effects in its analysis. 

3.0 ESTABLISH VALIDITY OF LOADS ANALYSIS 

3. 1 Performance Correl ati on 

To have confidence in the explanation of the trends in rotor loads and 
performance as the lift limit is approached, it is important to sub- 
stantiate the predictive capabilities of the analytical tools with 
regard to loads, trim and performance predictions. The comparison of 
test data with analysis was performed using the Aeroelastic Rotor Analysis 
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Program, C-60. 


The aeroelastic rotor analysis calculates rotor blade flapwise, 
chordwise and torsional deflections and loads as well as rotor 
performance, control system forces and vibratory hub loads. 

R-otors with blades of arbitrary planform, twist and radial variation 
in airfoil section are analyzed in steady state forward flight 
conditions. The analysis incorporates coupled flapwise-torsion 
deflections and uncoupled chordwise deflections of the rotor blades. 
The blade is represented by twenty (20) lumped masses, interconnected 
in series by elastic elements. Boundary conditions for either 
articulated or hingeless rotors are applied and the solution obtained 
by expanding the variables in a ten harmonic Fourier series. 

Airload calculations include the effects of airfoil section geometry, 
compressibility, stall, 3-dimensional flow, unste,ady aerodynamics and 
non-uniform inflow. Static airfoil tables are used to account for 
compressi bi 1 i ty , static stall and airfoil shape. The unsteady 
aerodynamic loads are calculated by modifying the static loads 
resulting from the airfoil tables to include Theodorsen's shed wake 
function, dynamic stall effects based on oscillating airfoil data 
and yawed flow across the blade. 

The non-uniform inflow calculations are based on a tip and root vortex 
trailed from each blade. Through an iterative technique, each trailed 
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vortex is made compatible with the calculated blade lift distribution, 
and the lift distribution is compatible with the non-uniform downwash 
field. The vortex wake is assumed to be rigid and drifts relative to 
the hub with a constant resultant velocity composed of thrust induced 
downwash and the aircraft airspeed. 


Preliminary predictions of rotor performance, af measmm by power 
requirements for a given thrust, are shown in Figure 3.1.1 for advance 
ratios of p = .3 and p = .53. Both advance ratios are at a propulj&ive 
fbHie coefficient of x/qd^a = .05. The s and ,1 

test at p = .3 shows excellent correlation. At p = .53, hp|aver, tldK^ 
analysis underpredicts the power coefficient, Cp/a, by a constant value 
of approximately 25%. Therefore itfwas*decided to investigate several' 
possible explanations why the performance predictions were good atjow 
speed but were optimistic in power requirement predictions at 
speeds. 


One suggested explanation was that the additional drag due to the 
instrumentation wire bundles was not accounted for in the airfoil table 
look-up routine for C ^j. An attempt was made to include in the analysis 
an additional of .015 along the blade due to the straingage wiring. 

As seen in Figure 3.1.2 this results in greatly improved correlation 
at p = .53 but the correlation at p = .3 is much worse. Since the 
correlation was obviously degraded at low speed where the flow conditions 
are better understood than at high speeds, the A = .015 modification 
to the analysis was not used. 
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Airfoil test data has indicated that for high angles of attack the 
lift and pitching moment coefficients, and possibly the drag 
coefficient, required modification to the existing equations for the 
23010 airfoil. These equations represent the airfoil characteristics 
between 20° and 340° azimuth and are the same for all Mach numbers. 
The C-60 Aeroelastic Rotor Analysis Program was modified so that 
the equations for lift, drag and pitching moment coefficients 
could be adjusted using 19 separate constant coefficients applicable 
over various angle of attack ranges. However one problem is that 
these equations are functions of angle of attack only and not Mach 
number. Thus the constant coefficients which modify the airfoil 
equations had to be applied at all Mach numbers and not just for the 
higher Mach numbers. 

Using the best estimate of the parameters to modify the airfoil 
equations the performance predictions were repeated. The correlation 
of the analysis and test data at p = .3 and y = .53 are shown in 
Figure 3.1.3. As can be seen this attempt to improve the analytical 
representation of the airfoil characteristics was not successful. At 
low speeds the analysis now shows an optimistic power requirement at 
low thrust levels and at higher thrusts the analysis fails to predict 
the sharp change in the slope of the power required curve. At the 
higher advance ratio the correlation is generally improved, though 
only slightly. Again at the higher values of lift the onset of stall 
is delayed resulting in the correlation actually getting worse. Thus 
it appears that the current representation of airfoil characteristics 
at high angles of attack is still the most suitable. 
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One further explanation for the variance between analytical 
performance predictions and test data at high speeds was the method 
of accounting for the three dimensional compressible flow at the 
rotor tip and its effect on the lift and drag coefficients. Previously 
the tip relief effects were included in the airfoil tables by _ 

modifying the two-dimensional tables based on wind tunnel data. However 

this method does not account for the effects of spanwise changes in thf' 

‘ ■ > ** 

chord length and thickness of the rotor blade. John LeNard and 5 ,;; 

Gabriel Boehler of the USAAMRDL Eustis Directorate have fortiiulated a- 
procedure to directly account for the three-dimensional flow at the 
tip which can be applied to the two dimensional airfoil tables 
(Reference 2 ). 

The basic procedure to account for tip relief effects on C|_ and Cp 
is to first determine the difference in flow characteristics between 
the two- and three-dimensional cases represented by an increment in 
free stream velocity. This results in a lower local Mach number for 
the blade element, which in turn results in a change in the dynamic 
pressure. The new local Mach number and dynamic pressure are used 
with the original section angl e-of-attack to compute the corrected 
lift and drag coefficients. Due to the nature of the flow corrections 
for three-dimensional flow at the tip and because of the nature of the 
normal shape of the and Cp versus Mach number curves, the tip 
relief corrections are only initially effective around Mach numbers 
of .65. The real impact of the tip relief corrections is felt at 
Mach numbers approacbing .825 or greater. 

The performance predictions for y = .3 and p = .^3 (both at x = .05) 
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were repeated using two-dimensional tables and the LeNard tip relief 
correction. The differences in performance predictions from the 
baseline were quite small at both advance ratios. This result was 
quite surprising and warranted further investigation. It was found 
that despite forward speeds of up to 225 knots, the primary tip speed 
was only 620 ft/see so that the maximum advancing blade Mach number 
was approximately .88. Thus over most of the blade the local Mach 
number would be smaller than .85 and at speeds below 225 knots the 
advancing blade tip Mach number may not even reach ,825. Despite 
the high speed testing which was performed the rotor generally operates 

f 

outside the regime where the tip relief effects are significant. 
Therefore, the LeNard correction did not produce the desired benefit 
of improved performance correlation. The LeNard tip relief three- 
dimensional correction was used in all subsequent analysis because of 
its better representation of the tip effects. 

The correlation of analytical performance predict, ions as measured by 
lift coefficient (Cy'/o) and power coefficient (Cp/a) as compared to 
wind tunnel test results are presented i n Fi gures 3 . 1 . 4 through 3.1.8. 
The correlation effort was performed at advance ratios of ,3, .4, .45, 
.53 and .61 for a propulsive force coefficient of x" = .05 at several 
levels of lift. In addition at u = .4, .45, .53 and .61 for a fixed 
value of lift the propulsive force coefficient was varied. 

The results of the performance correlation at y - .3 and 7 = .05 are 
seen in Figure 3.1.4. The analysis and test data agree quite well. 
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as would be expected for this speed range which Is typical of a 
conventional aircraft. Figure 3.1.5 Is a similar plot for y = .4 
(147 knots). The analysis follows the test data up to C^/'a = .104. 
Beyond this point the test shows that Increasing collective produces 
small gains In lift as power requirements continue to rise. The 
analysis Is able to reach a lift coefficient of Cj'/o = .12 before 
a limit Is determined. The analytical limit Is characterized by a 
large Increase In power required for a small change In lift and 
simultaneously the analysis Is unable to match the required propulsive 
force and side force trim condition. The analysis Indicates a 15% 
higher lift limit than achieved In the test. 

At y = .45 (Figure 3.1.6) the rotor Is approaching the limits of normal 
high speed flight for the standard tandem articulated rotor 
(165-170 knots). At this forward speed the analysis Is optimistic 
In the prediction of power required but does follow the trend of the 
test data up to a lift coefficient of Cj'/o = .093. As with the 
y = .4 case the test data reaches a lift limit at this point with 
further Increases In collective resulting In higher power requirements 
with no gain In lift. The analysis predicts the rotor could achieve 
a lift coefficient of Cj'/cf = .113 before the rapid Increase In power 
requirement and Inability to trim the rotor occur. This Is 21% 
greater than the test Indicated for a lift limit. 

At 195 knots (y = .53) and H = .05, given In Figure 3.1.7, the 
analysis Is more optimistic In predicting power requirements than at 
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lower speeds although the measured trend with lift is followed 
closely. In this case the analytical lift limit matches the test 
defined lift limit very well. A similar conclusion can be drawn 
for 225 knots (y = .61) as presented in Figure 3.1.8. The 
analytical power required is optimistic but the lift limit predicted 
by the analysis matches the test limit within 4%. 

The lift limit as a function of advance ratio for both analysis and 
test is shown in Figure 3.1.9. The analytical trend versus advance 
ratio follows the measured lift limit below y = .4 and above y = .5. 
The test does show a sharp drop in lift limit at y = . 4'5 which is 
not reflected in the analysis. There is a definite change in slope 
at this point, however, as the analytical line becomes almost 
horizontal. Both test and analysis, therefore, indicate a transition 
region between y = .4 and y = .5. The general conclusion is that 
C-60 can be used to predict the rotor lift limit trend as forward 
speed is increased. The explanation for the transition region around 
y = .45 will be explored further in a later section. 

The change in power required (as defined by Cp/ 0 ) as a function of 
propulsive force for constant lift is shown in Figure 3.1.10 for 
advance ratios of 0.40 to 0.61. The conclusion can be drawn from 
these figures that the correlation between analysis and the test is 
in general not a function of propulsive force. The correlation 
presented at 7 = .05 is essentially unchanged at other propulsive 
force coefficients. The exception is at y = .45 where the correlation 
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improves with higher propulsive force coefficients. 


Before discussing the final performance correlation effort, an 
additional note about the C-60 Aeroelastic Rotor Analysis program 
is in order. There are several trim options available in C-60 
for articulated rotors, but only two are of significance here. 

One trim option finds the smallest collective which results in the 
required thrust and then adjusts the cyclic pitch to match the 
desired propulsive force and side force. The second option finds 
the collective value closest to the input collective pitch which 
achieves the required thrust while matching the input vblues of 
cyclic pitch. In the latter case the propulsive force and side 
force which result are part of the rotor response and cannot be 
controlled directly. 

For the purposes of this contract it was decided that the most 
direct approach was to match the thrust, propulsive force and side 
force and let the program compute its own cyclic trim schedule. At 
one intermediate advance ratio the second trim option, which matches 
the cyclic pitch input and finds the collective nearest the input 
value which results in the desired thrust, wi 1 1 be presented here. 
Since the y = .45 condition resulted in the largest difference 
between analysis and test, this advance ratio was selected for this 
study. The resulting comparison of analytical and test performance 
data is shown in Figure 3.1.11. The correlation gives excellent 
agreement, but there is one problem. While the power required and 
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cyclic pitch now match the test results, the propulsive force 
which the analysis predicts is from 70% to 250% higher than the 
nominal test propulsive force. A possible explanation is that the 
propulsive force measured in the test is low due to an error in 
the hub tares. This situation, while possible, is unlikely due to 
the excellent prediction of power required as a function of pro- 
pulsive force seen in Figure 3.1.10 as well as to the loads 
azimuthal waveforms as will be seen at a later time. 

The overall conclusion is that the analysis is effective in pre- 
dieting the rotor lift limits at both low and high speeds but is 
optimistic in the rotor power prediction beyond an advance ratio 
of 0.40 for variations in both lift and propulsive force. At the 
intermediate speed range (165 knots) the region of the rotor that 
defines the maximum lift characteristics appears to be changing and 
the analysis shows the greatest variation from test data at this 
point. 

These results indicate that the section drag characteristics are 
possibly too low at low and high Mach numbers for small angles of 
attack, but are too high in the reverse flow region where Mach 
numbers are low but angles of attack are much higher. This would 
account for the optimistic prediction of power required at advance 
ratios beyond 0.40 or the overprediction of the rotor propulsive 
force. Between the advance ratios of 0.40 and 0.53 there is either 
an inadequate definition of the local flow environment on the rotor 
or an optimistic maximum section lift characteristic in the middle 
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range of Mach numbers or in the reverse flow region. 


3 . 2 Rotor Control Position Parameters 

Three basic rotor control position parameters were investigated as 
part of the correlation of the C-60 analysis with test values. These 
parameters are: the blade collective pitch angle, the rotor disc 

tip path plane angle resulting from flapping, and the control axis angle. 
The correlation was performed for increasing thrust at constant 
advance ratio and propulsive force, and for increasing propulsive 
force at constant thrust and advance ratio. 

The correlation of test and analysis for lift coefficient versus 
collective angle at a constant 7 - .05 is shown in Figures 3.2.1 
and 3.2.2 for five advance ratios. The collective angle is defined 
as the collective pitch at the blade root projected to the 75% radial 
location by the built-in geometric twist. The predicted collectives 
at p = .3 and p = .4 appear to be higher than the test values by about 
2 to 3 degrees. However, several of the test points at p = .4 were 
repeated in the second half of the wind tunnel test, and these points 
are indicated by squares in Figure 3.2.1. The shift in collective 
pitch at a given thrust indicates the zero collective angle was 
repositioned after the original p = .4 run. This appears to be 
confirmed by the excellent correlation of theory with test at p = .45 
and p = .53, as shown in Figure 3.2.2. 

At p = .61 (Figure 3.2.2) the analysis shows a highly unusual trend 
of lift versus collective. The test data shows a similar, but less 
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severe, trend of decreasing collective at higher lift up to a lift 
coefficient of Cj'/cr = .06. Beyond this point the test data 
reverses its trend while the analysis continues this trend up to a 
lift coefficient of /o - .07. 

Recall that the option used for the analysis searches for the 
smallest collective which produces the required thrust and pro- 
pulsive force. Two points at y - .61 were recomputed matching 
cyclic and the input collective pitch but neglecting the side force 
and propulsive force trim. These points are shown as squares in 
Figure 3.2.2 and once again the analysis over-predicts propulsive 
force. 

The variation of collective angle with propulsive force for a 
specified thrust is shown for four advance ratios in Figure 3.2.3. 
The correlation of test and analysis for the collective angle 
variation with propulsive force is good. 

Also considered was the tip path plane angle resulting from cyclic 
flapping. A schematic of the relationship between free stream 
velocity, shaft tilt and cyclic flapping is shown in Figure 3.2.4. 
For positive shaft tilt aft and positive cosine flapping defined 
as flap up at an azimuth of 0° (blade directly aft), the positive 
tip path plane angle is defined by the shaft tilt, i^, minus the 
cosine cyclic flapping, Btq. The comparisons of test and analysis 
for lift coefficient versus tip path plane angle at a constant 
"x = .05 are given in Figure 3.2.5 for advance ratios from y = .3 to 
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y = .61. At every advance ratio the analysis is seen to follow the 
trend established during the test and the magnitude of the tip path 
plane predicted by C-60 is more positive than the value established 
in test. It can be concluded that the analysis generates a smaller 
value of drag in the disc plane (H-force) than the test would 
indicate. This is consistent with the performance correlation results 
established earlier, that the analysis shows lower power requirements 
than the test data. 

At y = .45 the analytical points generated by matching the cyclic 
and collective pitch ang.les are shown with the square symbols 
along with the test data. Again the analytical trim setting agrees 
with the test values but the propulsive force is higher. This is 
consistent with the conclusion that for a given tip path plane 
angle the analysis generates a smaller value of in-plane force. 

The trend of tip path plane angle with increasing propulsive force 
at a specified thrust level is presented in Figure 3.2.6 for advance 
ratios from y = .4 to y “ .61. The basic conclusion is that the 
correlation does not change with propulsive force. 

The control axis angle of attack is defined by the sine value of the 
total blade pitch angle. In this case positive cyclic pitch input 
(e^j) atan azimuth of 90° produces flap up at 180° azimuth. The 
control axis angle is defined by e-jj + ig- The analytical and 
measured variation of control axis angle with increasing lift is 
plotted in Figure 3.2.7 for x = .05 and advance ratios of y = .3 
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through u = 61. It can be seen that the analysis does predict 
the general trend of control axis angle due to cyclic pitch versus 
lift coefficient as measured in the wind tunnel for all values of 
advance ratio investigated. 

The analysis starts out at low speed to require slightly higher 
negative values of control axis angle of attack but as the forward 
speed is increased the analysis rapidly shows a requirement for less 
forward tilt of the disc plane than required by the test data. This 
is consistent with the conclusion just established that for a given 
propulsive force the analysis requires less forward tilt of the disc 
plane, while still showing the proper trends with increasing lift 
coefficient. 

Figure 3.2.8 shows the relationship between control axis angle due to 
cyclic pitch and the propulsive force for a specified value of thrust 
and advance ratio. From y - .4 to y = .53 the degree of correlation 
does not change with propulsive force. At y = .61 the test data and 
analytical lines are no longer paral 1 el . 

3 . 3 Loads Correlation 

The blade loads correlation between the C-60 analysis and the test 
data was performed for the midspan flap bending moment and for both 
the inboard and midspan torsion loads. The inboard flap moments were 
not used for correlation due to the fact that for an articulated rotor 
the root loads are so low that no meaningful waveform analysis would 
be possible. 
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The comparisons of the measured and analytical flap bending 
moments versus azimuth position for advance ratios from 0.30 to 
0.53 are given in Figures 3.3.1 and 3.3.2. For each advance ratio 
the midspan flap bending waveform is shown at a low thrust level 
and at the lift limit for that particular advance ratio at a 
propulsive force coefficient of .05. The analysis predicts the 
phase and magnitude of the midspan flap bending moment with 
reasonable accuracy for all thrust levels and advance ratios 
considered. Similar results are shown in Figure 3.3.3 for y = .53 
for two other propulsive force coefficients, indicating the same 
degree of correlation of theory and test as at the other propulsive 
force coefficients. 

The torsion loads correlation was performed using both the inboard 
and midspan blade torsion loads waveforms. Figures 3.3.4 through 
3.3.8 present the comparison of inboard torsion waveforms for both 
test and analysis at five different advance ratios. Each figure 
contains the correlation of test and analysis for a particular 
advance ratio at x = .05 as thrust is increased up to the lift limit. 
Figures 3.3.9 through 3.3.12 display the same data for the midspan 
torsion waveforms. No data was available for the midspan torsion 
waveforms at y - .61 since that gauge had failed prior to that high 
speed run. Briefly, the correlation is good at low thrust levels, 
particularly on the advancing side of the disc, and the correlation 
degrades to some extent as the thrust is increased. The largest 
difference between theory and test is the failure of the theory 
to predict the nose down stall at 225° azimuth at high thrusts. In 
general there is a phase shift of approximately 30 degrees between 
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Figure 3.3.10 MIDSPAN TORSION mVEFORM CORRELATION AT 147 KNOTS 
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theory and test. 


The results of the correlation effort are essentially the same 
for both inboard and midspan torsion loads at each advance ratio. 

A typical example is at p - .4 for the inboard torsion load (Figure 

3.3.5). At the lowest thrust level the test and analytical waveform 

are nearly identical. As the thrust is increased the analysis shows 

an earlier tendency to stall. Note that at Cj' /a = .0638 and 

Cj' /a = .0896 over the retreating blade region of the rotor disc 

the analysis is responding at approximately six per rev, which is 

close to the first torsional natui^al frequency. This is an indication 

of stall. At Cj' / a = .104 the test data now shows the same 

characteristics, and the analysis and test are again in good agreement. 

Finally, as the lift limit is approached (C-j-'/o = . 1075) the test 

waveform now shows more pronounced peaks which is a good indication 

that the test is now experiencing a greater amount of stall. To 

summarize, the analysis shows a tendency to stall at lower lift 

coef f i ci ents , but the slope of the stall curve is more gradual than 

the test data so that at higher thrusts the test blade is further into 
the stall . 

In general the torsion loads correlation is fair. The peak-to- 
peak amplitudes agree and in most instances the phases do not vary 
more than 30°. The major difference is at the lift limit where the 
analytical waveform does not show the conventional stall at an 
azimuth of 225° that is shown in the test waveform. At the highest 
forward speeds (p = .53 and p = .61) the test does indicate some 
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negative stall (which is occurring in the reverse flow region) 
represented by the large positive (nose-up) moment at a rotor 
azimuth of 270°. This appears in the analytical waveform at approx- 
imately 225° and to a lesser extent at 315° azimuth. 

The correlation of theory with test data is of sufficient accuracy 
for the purposes of this contract, especially at the higher speeds, 
which makes it a useful tool in determining the rationale for the 
rotor 1 i ft 1 imi ts . 

Some typical results for two different propulsive force coefficients 
are shown in Figure 3.3.13 at an advance ratio of p = .45. The 
lift coefficient is essentially the same for both graphs. In each 
case the analysis is predicting stall while the test shows no indica- 
tion of stall. This shows that for both propulsive force levels the 
analysis predicts stall inception at a lower lift coefficient than 
occurs in test. 

It was mentioned in Section 3.1 that the investigation of performance 
correlation using the analytical trim procedure of matching thrust 
and cyclic pitch appeared to correlate better on power required 
but was high on propulsive force. A possible reason for that 
difference could be due to an error in the calibration of hub drag 
during the test. However, a look at the resulting torsion waveforms 
seems to discount this possibility. Figure 3.3.14 shows the correlation 
at y = .45 for two thrust levels for H = .05 using the trim option 
to match cyclic pitch. Recall that the analytical propulsive force 
coefficient was close to )T = .1 as a consequence of the resultant 
flapping motion. The analytical waveforms now show a much greater 
response than the test as opposed to the previously good correlation 
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seen in Figure 3.3.11. The conclusion is that the difference 
between test and analysis is not due to a hub tare calibration 
error in the wind tunnel test. The difference is due to a 
difference in the analytical drag characteri sti cs of the rotor 
blade which quite possibly is in the airfoil dynamic drag 
representation and/or in the unsteady flow analysis. 
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4.0 RATIONALE FOR ROTOR LIMITS 

Having established a reasonable correlation of the C-60 Aero- 
elastic Rotor Analysis Program with loads and performance data, 
the next task is to ule the analysis to aid in the understanding 
of the limits of the conventional rotor by looking at the rotor 
behavior as the lift limit is approached. To aid in the investi- 
gation of the rotor limits, both the elastic properties of the 
rotor and the aerodynamic characteristics of the flow environment 
were varied in the analysis in order to determine their influence 
on the rotor lift characterti sti cs . The azimuthal and radial 
distributions of lift and angle of attack as well as the variation 
of blade flap deflection with azimuth were examined in this 
investigation. 

In order to isolate the factors which provide the major contribution 
in establishing a lift limit, one typical flight condition near the 
lift limit was chosen for the parametric variation. The trim 
condition selected was: 

y = .53 

- = .05 

X 

Z^\/o = .114 

The azimuthal distribution of thrust per blade determined analyt- 
ically is presented in Figure 4.1, Note that the thrust is 
generated in the fore and and aft regions of the rotor disc. The 
regions of the rotor disc around the advancing and retreating blade 


S 
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1/^0 SCALE CH-47B ROTOR 
ROTOR TIP SPEED = 620 FT/SEC 



Figure 4.1 AZIMUTHAL DISTRIBUTION OF PREDICTED THRUST PER BLADE 





have been shaded in the figure for convenience. On the advancing 
side, there are areas of large positive and negative levels of 
thrust, but the integrated thrust does sum to a small positive 
value. This is essential to maintain roll equilibrium of the 
rotor system. 


There are two regions of significance which should be noted in 
the figure. At = 30°, there is a rapid drop in thrust that 
could be stall related. The blade does recover at ip - 60°, where 
the thrust is a maximum. There is a second region of high thrust 
between 120° and 210° rotor azimuth which is considerably larger. 
This time the thrust continues to rise until it becomes a maximum 
at = 180°, but there is a slight discontinuity in the lift trend 

at = 135°. It appears that these two regions may be the key to 

the understanding of the rotor lift limits, and they were the 
subject of extensive investigation. 


Figure -4. 2 is a plot of the spanwise distribution of lift at 
several azimuth locations for the subject flight condition, 
azimuth locations sel ected are concentrated ar o i -a 

where there is a rapid loss of thru s t . be twe en ■ ifi : »..::.0:° 

Note that the lift, both positive and negative* is predofl^iitly 
generated on the outboard 40% of the rotor blade. The one hotable 


exception is at 30°, where the lift peaks at midspanfafi 




falls off to zero. This indicates 






i|; = 30 seen in Figure 4.1 is a result of the, blade not 


sl| f t :: 'blli.:: th il: P:P-ii|l|iii5ililii;i-^ i s a z f^lil't I :: 
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1/10 SCALE CH-47B ROTOR 
ROTOR TIP SPEED = 620 FT/SEC 



Figure 4.2 SPANWISE VARIATION OF LIFT AT SELECTED AZIMUTH LOCATIONS 



As mentioned earlier, a parametric study was performed to determine 
which factor contributed the most in defining the lift limit. The 
first parameter studied was the elastic effects of blade motion. 

The blade was made rigid in the analysis both flapwise and 
torsionally, i.e. GJ = EI„ = <». The blade can only flap or twist 

p 

as a rigid body in this case, so the influence of any elastic 
phenomena are eliminated. A comparison of the azimuthal variation 
of thrust for the rigid and elastic blade cases is shown in 
Figure 4.3 at the same condition, p = .53 and Cj'/cJ = ,114. The 
major difference between the two cases is that the rigid blade no 
longer experiences a loss of lift at ^ = 30° or ^|J ~ 135°. 

Figure 4.4 presents the radial lift distribution at ijj = 30° and 
indicates that the thrust is now able to develop on the outboard 
portion of the blade. The drop in total thrust at this azimuth 
appears to be a result of the elastic blade response. To further 
understand this point, the azimuthal variation of pitch and flap 
motion was investigated. 

In order to match both the thrust and propulsive force requirements, 
the rotor tip path plane must assume a specific angle of attack 
with respect to the free stream velocity. The rotor with rigid 
blades requires more cyclic pitch for a given shaft angle of attack 
to bring the disc plane over far enough to produce the propulsive 
force equal to that of the elastic blade. This is because there is 
no elastic torsional wind-up of the blade inducing an effective 
cyclic pitch in the rigid blade. The greater nose down cyclic pitch 
requirements reduce the lift along the advancing blade and 
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1/10 SCALE GH-47B ROTOR 
ROTOR TIR SPEED = 620 FT/SEC 
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Figure 4.3 COMPARISON OF THRUST WAVEFORMS FOR RIGID AND ELASTIC,, BLADES 


1/10 SCALE CH-47B ROTOR 
TOR TIP SPEED == 620 FT/SEC 



Figure 4.4 SPANWISE VARIATION OF LIFT FOR RIGID AND ELASTIC BLADE 



necessitates a larger collective pitch to produce a larger section 

1 

angle of attack on the fore and aft portion of the rotor disc to 
maintain the same thrust as for the elastic bl ade . The negati ve 
(nosedown) bl ade pi tch rate results, at al 1 azimuths where the blade 
is pi tching down , in an inertially i nduced decrease in blade twist 
for the elastic blade whi ch offsets the i ncreased coll ecti ve of the 
rigi d blade . Since bl ades are normal ly built with the CG ahead of 
the pi tch axis, blade pi tchi ng down tends to untwist the bl ade . 




WM 


Negative pitch rate also reduces the maximum section lift 

cient or angle of attack at which stall occurs. Both of these f: 

i terns increase the potential for stall to occur on the aft side if 




the rotor disc 


The basic di fference between the el asti c blade and the rigid blade 
is downward bendi ng of the outboard porti on of the elastic blade 
due to the high 1 i ft causi ng coni ng and the downward bendi ng due to 
centri f ugal force. As the 1 i ft approaches the stall 1 imi t the 
high drag acts on the downward deflected elastic blade to 
produce a nosedown twist, whi ch reduces the lift. Si nee the blade 
then becomes uns tal 1 ed the drag reduces and the blade twists back 
to its normal positi on. The 1 i ft then can return to its former 
1 evel . As the blade moves around the azimuth towards ^ = 90°, the 
1 ongi tudi nal cyclic is rapidly reducing blade pi tch and the i npl ane 
veloci ty acting on the blade is rapidly i ncreasi ng further reduci ng 
the secti on angle of attack of the blade. The net result is a sub- 
stantial negative angle of attack on the outboard porti on of the 
blade produci ng the negati ve 1 i ft shown in Figure 4.2. 

i ^ 

As the blade rotates past 4 > = 1 20° towards 1 50° the blade pi tch is 
increasing because of the cyclic pi tch. Thi s produces a posi ti ve 
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pitch rate which results in a stall delay. As the pitch is 
increased so is the lift as it approaches a maximum. The centrif- 
fugal force plus blade coning again produces a downward deflection 
of the blade, and the high drag twists the blade down decreasing 
the lift. With the stall delay the reduction in lift between 
^ - 120° and 150° is not as large as between f = 15° and 60°. 

The variation of the input blade pitch around the azimuth is 
presented in Figure 4.5. The mean value is the collective and the 
variation above and below is the cyclic pitch. Since the minimum 
pitch occurs at ij; = 90° and the maximum is at ^ = 270° the figure 
indicates only longitudinal cyclic is required. The flapwise 
deflection of the tip of the elastic blade relative to the infinitely 
rigid blade deflected shape is shown in Figure 4.6. Around an azimuth 
location from = 30° to = 60*? the deflection is down, and as observed 
in. Figure 4.5 the blade root pitch is greater for the elastic blade. 
These two facts support the above rationale for the azimuthal 
variation of lift presented in Figures 4,1 and 4.2. At this point, 
it should be emphasized that in making the blade rigid in the 
analysis, the same high lift and high drag was encountered as with 
the elastic blade. In fact, at the high Cj‘/a conditions there is 
a severe power penalty observed for both blades. 

The next phase of the investigation was to determine what aspect 
of the aerodynamics of the rotor system had the greatest influence 
in limiting the maximum attainable lift of the rotor. First of all, 
the non-linear compressible aerodynamics terms were removed from 
the analysis so that only linear aerodynamics remained for the lift 
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1/10 SCALE CH-47B ROTOR 
ROTOR TIP SPEED = 620 FT/SEC 



Flgurfe 4.5 AZIMUTHAL DISTRIBUTION OF BLADE ROOT PITCH FOR RIGID 
AND ELASTIC BLADES 




1/10 SCALE CH-47B ROTOR 
ROTOR TIP SPEED = 620 FT/SEC 



Figure 4.6 FLAPWISE ELASTIC BLADE DEFLECTION WAVEFORM 





and drag coefficients. These coefficients were computed as 
fol 1 ows : 

C £ = 5.7 3 a 

= .012 + .540a 
d 

where a is the section angle of attack. The values of the pitching 
moment coefficient, C|^, were obtained from the compressible aero- 
dynamics airfoil tables as before. 

The resulting thrust distribution using linear aerodynamics is 
given in Figure 4.7 at the y = .53, C'^/a = .114 condition. Also 
shown for comparison is the elastic blade non-1 inear, 'compressible 
aerodynamics case. It can be seen that the azimuthal variation of 
total thrust is significantly altered when the analysis is run with 
linear aerodynamics only. The region of negative thrust around 
t = 75° to f = 90° has been virtually eliminated because the 
retreating blade can now provide a high level of lift, and the 
thrust is now more uniformly distributed around the azimuth. The 
root pitch angle distribution around the azimuth for this case is 
given in Figure 4.8. The results are not noticeably different from 
the basic elastic blade case with non-linear, compressible aero- 
dynamics. This is evidence that the mechanism which restricts the 
maximum attainable lift is related to aerodynamic stall effects. 

With the knowledge that it is some aspect of the non-linearities 
and effects of the maximum section lift coefficient in the aero- 
dynamics of the rotor as well as blade flexibility that leads to a 
lift limit, the next step was to vary certain parameters individually 
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1/10 SCALE CH-47B ROTOR 
ROTOR TIP SPEED =620 FT/SEC 



Figure 4.7 COMPARISON OF BLADE THRUST WAVEFORMS FOR LINEAR 
AND NON-LINEAR AERODYNAMIC ANALYSIS 




1/10 SCALE CH-47B ROTOR 
ROTOR TIP SPEED = 620 FT/SEC 
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Figure 4,8 AZIMUTHAL DISTRIBUTION OF ROOT BLADE PITCH ANGLE FOR 
LINEAR AND NON-LINEAR AERODYNAMIC ANALYSIS 


to determine which of the aerodynamic effects define the lift limit. 
The first item to be investigated was compressibility or high Mach 
number effects. In the analysis, the speed of sound was artificial- 
ly doubled so that all Mach numbers computed would be half their 
actual value. The advancing blade tip Mach number thus never exceeded 
Ml (go) = .5. This eliminated any compressibility due to Mach 
number effects. The resulting thrust variation with azimuth is 
shown in figure 4.9. Also shown for comparison is the variation 
of total thrust for the elastic blade with full non-linear, 
compressible aerodynamics. It is quite evident that there is only 
a small effect of compressibility or other Mach number 
related effects on the lift capability of the rotor. 

Next the impact of stall delay on the thrust distribution was 
considered. The stall delay functions in the analysis were input 
as zero, removing the stall delay effects from the results. The 
azimuthal variation of total thrust for this case is given in 
figure 4.10 along with the corresponding case with stall delay 
included. The stall delay effect appears as a 15° to 20° shift 
in azimuth of the waveform but does not change the magnitude and 
will not significantly alter the lift limit. 

With the stall delay and compressibility effects eliminated 
as a source of the lift limits, the drag rise at large angles was 
investigated as a possible mechanism. The non-linear, compressible 
aerodynamics airfoil tables were used to obtain and The drag 

coefficient was input as a constant of Cp = .012, which is the value 
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Eigure 4.9 EFFECT OF MACH NUMBER ON BLADE THRUST WAVEFORM 


1/10 SCALE CH-47B ROTOR 
ROTOR TIP SPEED = 620 FT/SEC 



Figure 4.10 EFFECT OF STALL DELAY ON THRUST WAVEFORM 




of Cjj at M - .5 for small angles. As seen in Figure 4.11, there 
is essentially no difference in thrust versus azimuth between the 
two cases of an elastic blade with and without induced drag. 

However, the analytical case with no drag rise at high angles of 
attack has a power requirement considerably less than the elastic 
blade with induced drag. The difference in power coefficients is 
Cp/cr = .0098 for no drag rise versus Cp/a = .0243 for the case with 
induced drag. Due to the lower power requirement, a higher value 
of lift can be obtained before the sharp rise in power required 
is encountered. This comparison is seen in Figure 4.12, showing 
that the lift limit is indeed influenced by the increase in drag 
due to induced drag effects at high Mach number. 

To ascertain why the region of negative thrust develops at ^ = 90° 
we look at the requirement for roll moment equilibrium. As mentioned 
earlier and seen in Figure 4.1, the thrust is primarily developed 
fore and aft on the rotor. Due to the very low dynamic pressure 
on the retreating blade there is only a small amount of thrust 
generated around this region. The demand for higher and higher 
thrust levels results in some thrust being developed in the advancing 
blade region. To maintain roll equilibrium, therefore, some 
negative thrust must be developed. 

The contribution of thrust at each azimuth location to the total 
roll moment is presented in Figure 4.13. For the elastic blade 
case with nonlinear compressible t#rbdynamics used in the lift 
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calculations, note how the small amount of thrust on the retreating 
blade contributes only a small amount to the roll moment. On the - 
advancing blade side of the disc plane, there is a large contribu- 
tion to the moment between i}; = 120^ and ip = 150°. To balance the 
roll moment, the region of negative moment between ip = 75° and 
= 120 ° i s required. 


Note what happens when linear, incompressible aerodynamics are 
used in the calculation of lift. Now there is the capability to 
develop much larger levels of thrust on the retreating blade (see 
Figure 4.7). For this reason there is a greater contribution to 
the roll moment on the retreating side, which allows for a greater 
positive moment on the advancing side. As can be seen in 
Figure 4.13, this noticeably reduces the need for a negative moment 
(hence negative thrus,t) region on the advancing blade portion of the 
rotor disc. 

With the explanation of the source of the negative thrust region, 
the resulting high negative angles of attack and the increased drag 
due to compressibility; it is now possible to explain some of the 
trends of lift versus power required and lift limit versus advance 
ratio brought up in section 3 of this report. 

The primary issue is the shape of the lift limit curve versus 
advance ratio (Figure 3.1.9). To understand this trend, it is 
useful to look at the total thrust versus azimuth location at the 
lift limit for each advance ratio as shown in Figure 4.14. Each 
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Figure 4.11 EP'EECT OF INDUCED DRAG ON THRU3T WAy^ORM 





1#10 SCALE CH-47B ROTOR 
ROTOR TIP SPEED = 620 FT/SEC 



Figure 4.13 CONTRIBUTION OF EACH AZIMUTH TO ROLL MOMENT 
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ROTOR TIP SPEED = 620 FT/SEC 




in 

o 

• 

o 


o 

fd 

X 





I I 

S_J I L— 1 1 J — 1 


o 

o 

o 

O 

O 

O 

O 

o 

o 

o 


o 

O 

o 



CN 


CM 


\D 


I I I 


aa¥'ia Had isaHHi 


96 


Figure 4.14 EFFECT OF FORWARD SPEED ON AZIMUTHAL VARIATION OF 
THRUST PER BLADE AT THE LIFT LIMIT 



curve has the characteristic negative lift region around = 90° 
which has been shown to be symptomatic of the need to maintain 
roll moment equilibrium, and the resulting negative angles of 
attack leads to a drag rise which limits the rotor performance. 
There is a distinct change in the shape of the curves around 
\p = 15° to Tp = 60° in going from u = .45 to y = .53. There is a 
distinct stalled region at ip = 30° for the higher advance ratios 
which is not present at advance ratios of y = .45 and below. 

This region of stall was shown earlier to be related to elastic 
blade effects because when the blade was made rigid fVapwise and 
torsionally in the analysis this stalled region disappeared 
(Figure 4.3). The hypothesis was proposed when first discussing 
Figure 4.3 that the stalled region at = 30° was related to high 
drag and blade flap deflection combining to decrease the twist. 
Similar reasoning is apparently applicable in this situation as 
well. At y = .4 and y = .45, the mechanism which produces the 
elastic response is present and is indicated by the plateau in 
thrust at ip = 30°. There is a severe stall effect on the aft 
portion of the rotor disc at rp = 45° for y = .61 and there is a 
slight degradation in Tift on the forward part of the rotor disc 
at ^ = 165°. 

Figures 4.15 and 4.16 show the azimuthal variation of thrust per 
blade with increasing levels of thrust for y - .4 and y = .53 
respectively. Note that while the ip = 90° negative lift region 
does not develop until the lift limit is approached, the stalled 
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1/10 SCALE GH-47B ROTOR 
ROTOR TIP SPEED = 620 FT/SEC 



Figure 4.15 EFFECT OF ROTOR LIFT COEFFICIENT ON AZIMUTHAL VARIATION 
OF THRUST PER BLADE AT 147 KNOTS 





1/10 SCALE CH-47B ROTOR 
ROTOR TIP SPEED = 620 FT/SEC 



Figure 4.16 EFFECT OF ROTOR LIFT COEFFICIENT ON AZIMUTHAL VARIATION 
OF THRUST PER BLADE AT 165 KNOTS 




region at ijj = 30° to ij; = 45° occurs throughout the thrust range 
for y = .53. The explanation for this may be due to the 76% 
increase in propulsive force required for a constant X/qd^o 
requiring a larger shaft angle and cyclic angle to generate the 
needed tip path plane angle. 

Consider Figure 4.17 which is a duplication of a portion of 
Figure 3,1.11. Recall that the analytical points were generated 
matching thrust and cyclic pitch. While the propulsive force is 
higher than that obtained in test, the propulsive force for each 
analytical point is the same. Of particular interest are the 

f 

points labeled "A" and "B" in the figure. Point "B" is obtained 
by allowing the rotor to flap more in the forward part of the disc 
plane, increasing the angle of attack in that region and producing 
more thrust, and by reducing the angle of attack on the aft portion 
of the rotor disc producing less thrust in this region. The increase 
in thrust is greater than the loss in thrust, resulting in a net 
increase in rotor lift. This indicates the ampunt of stall experienced 
by the rotor is lower and hence the power required for point "B" can 
be the same as point "A" even though the lift is higher. Figure 4.18 
is a plot of the azimuthal variation of total thrust for these two 
analytical cases. Note that case " B" does have a drop in thrust at 
ijj = 45° followed by a recovery from stall, while case "A" shows only 
the development of a small negative lift region around ip = 75° to 
^ = 105°. Therefore it does appear that the stall region can be a 
function of trim, affecting the trend of thrust versus power required. 
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ROTOR LIT’T COEFFICIENT 


1/10 SCALE CH»47B ROTOR 
ROTOR TIP SPEED =620 FT/SEC 

y = 0.45 X/qd ^ a = 0 . 05 



Figure 4.17 EFFECT OF ANALYTICAL TRIM ON 
PERFORMANCE PREDICTIONS 
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1/10 SCALE CH-47B ROTOR 
ROTO^R TIP SPEED = 620 ET/SEC 



Figure 4.18 EFFECT OF TRIM ON STALL REGION NEAR 45° AZIMUTH 




As a final verfication of our explanation for the behavior of the 
rotor at high lift and high speed we take another look at the 
azimuthal variation of flap bending and blade torsion. It was 
stated earlier in this section that the combination of high lift 
caused coning and the centrifugal restoring moment caused a 
downward bending of the blade as it approached stall. Refer again 
to Figure 3.3.2 and note how at - 45° there is a rapid decrease 
in flap bending which is evidence of the downward deflection of the 
blade. This effect is amplified as the lift is increased. It was 
also stated that the high drag acted on this downward deflection to 
produce a nosedown twist at tJj = 45°. As the blade unstalled it 
would twist back to its former position until ^ ~ 90°, where the 
longitudinal cyclic and higher inplane velocity would produce a large 
negative section angle of attack. Looking again at Figure 3.3.12 
clearly shows this effect. At the higher levels of lift there is 
a nosedown twist evident at ip = 45°, The blade starts to twist back 
again until jp = 90° where a rapid decrease in twist to a large 
negative value is indicated. Thus there is strong support for the 
explanation of the rotor behavior at high speed near the lift limit. 



5.0 MODEL AND FULL SCALE PERFORMANCE PREDICTiON 
The wind tunnel testing provided the data that defines the 
capability and the limits to the model rotor operation. Reference 
1 presented a limited correlation of a rapid preliminary design 
performance program with this test data. The prediction program, 
SRIBR, is used primarily for preliminary design studies of various 
rotor configurations since it has numerous options and has a 
computational time of 10 to 15 seconds of machine time. SRIBR 
is a strip-theory analysis with an assumed tip loss and an induced 
velocity calculated as a function of the local loading to approximate 
the nonuniform downwash. The equations are written in the tip- 
path-plane axis system which eliminates the requirements for iterating 
on blade fl apping- and the airfoil characteristi cs are approximated 
with a series of equations. 

An expanded correlation of the SRIBR predictions of rotor lift 
coefficient (Cj'/o) and rotor power coefficient with test data is 
presented in Figures 5.1 and 5.2 at advance ratios of 0.2, 0.4, 

0.45, 0.5, 0.53, and 0.57. The resulting correlation is good for 
the basic level of performance but the maximum lift predicted 
is significantly higher than actually obtained by the model at 
advance ratios up to 0.45. From y = 0.50 the maximum lift predicted 
is approximately the same as test data. A summary of the performance 
is presented in Figure 5.3 as the maximum lift to effective drag 
ratio for the model. The prediction is slightly low up to an 
advance ratio of 0.4 and is slightly high at advance ratios beyond 
0.4; but the overall performance prediction capability of SRIBR 
is acceptable. 
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The prediction method can be used to scale the test data up to 
full scale by using full scale airfoil characteristics to define 
the performance increments from the model predictions and adding 
them to the test data. Figures 5.4 and 5.5 present the comparison 
of the full scale and model scale performance, in terms of rotor 
lift coef f i ci ent ( Cy ' /<? ) and rotor power coefficient (Cp/a), at 
advance ratios of 0.2, 0.4, 0.45, 0.50, 0.53 and 0.57. There is . 
a slight reduction^^^ power required at the lower levels of 

rotor lift coefficient at p = 0.20. As the advance ratio increases, the 
improvement in rotor power coefficient also becomes greater between 
full scale and model scale. There is no difference in the maximum 
lift between the full scale and model scale predictions; therefore 
the maximum lift defined by model test should be representative 
of full scale. Utilizing this difference in performance level and 
the model maximum lift to effective drag ratio, an estimate of the 
full scale maximum lift to effective drag ratio was defined and is 
presented in Figure 5.6. The full scale maximum cruise performance 
is achieved at an advance ratio of 0.4 with an L/DE of 9.8. 
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Pifure 5.1. Comparison of Rotor Lift and Power Coefficient Prediction 
with Test Data 
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6.0 CONCLUSIONS 

1. The Aeroelastic Rotor Analysis Program, C-60, predicts a 
similar variation in rotor power with thrust at each advance 
ratio and propulsive force as compared to test data, but 
underpredicts the level of rotor power. 

2. The C-60 analysis adequately predicts the lift limit variation 
with advance ratio. 

3. The midspan flap bending loads correlation is good, while the 
root and midspan torsion loads correlation is fair. 

4. The lift limit is defined by the rotor behavior in the fore 
and aft region of the rotor disc, particularly by the region 
of stall around = 30°. 

5. The region of stall is a result of the nonlinear aerodynamic 
loading acting on the elastically deformed blade at high lift 
levels. The high drag loading acts on the downward deflection 
of the elastic blade to produce a nosedown , twi st caus i ng the 
blade to un stall at ip = 45°. 

6. The preliminary design performance prediction program, SRIBR, 
adequately predicts the maximum lift/effective drag ratio. 
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7.0 RECOMMENDATIONS 

Since the lift limit is due to a torsion-flap coupling induced 
by high drag loads, it is proposed that a means of eliminating 
or delaying this effect could be investigated by: 

1. Tailoring the blade flap stiffness to alter the elastically 
deflected shape of the blade, 

2. Tailoring the blade torsional stiffness to alter the 
flap-torsion coupling and reduce the induced nosedown twist. 

3. Analytically defining the airfoil pitching moment effect to 
determine its effect on the stall region and experi, mental ly 
substantiating this. 
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